We propose four left-right symmetric extensions of chiral 3-3-1 models. Although they have some common features they also have important differences due to different representation content.
I. INTRODUCTION
In the electroweak standard model (ESM), left-handed fermions transform in a different way than the righthanded components. Hence, it is a chiral model. In this way parity violation is accommodated but not explained. The parity issue was the motivation of the early left-right symmetric extensions of the ESM [1] [2] [3] . In this sort of models the electroweak gauge symmetry is extended to SU (2) L ⊗ SU (2) R ⊗ U (1) B−L [4] and, besides the explanation of parity violation as a spontaneously broken symmetry, the model is able to generate Dirac [3] or Majorana [5, 6] masses for neutrinos. A left-right symmetric extension can be implemented for all chiral models.
Here, we will consider that sort of extensions for models with 3-3-1 chiral symmetry in such a way that the gauge symmetries are G 3331 ≡ SU (3) C ⊗ SU (3) L ⊗ SU (3) R ⊗ U (1) X with the general charge operator defined as Q = T ) + X, specifically with β = − √ 3 (models Ia, Ib) and β = −1/ √ 3 (models IIa, IIb). For a general classification of 3-3-1 chiral models with arbitrary β see Ref. [7] .
In all these extensions the anomalies are canceled considering three generations only as in the chiral 3-3-1 version since left-and right-fermion triplets have the same U (1) X -charge. A model similar with our model IIa was proposed in Ref. [8] but those authors used only scalar triplets and for this reason fermion masses are generated only by five-dimensional operators. Here we will use in both sort of models only renormalizable interactions. In fact, the first time that this sort of model was briefly discussed was in Ref. [9] .
In Secs. II and we introduce the models Ia and Ib, while in Sec. III we consider the models IIa and IIb. In Sec. IV we discuss the phenomenology concerning to these types of models. Finally, our conclusions and outlook are given in Sec. V. * edisonfranco@uft.edu.br † vicente@ift.unesp.br
II. MODELS I
In the model Ia, the particle content is [10] [11] [12] : left-handed quarks
; and the right-handed quarks:
. In the lepton sector we have left-handed leptons:
; and right-handed leptons:
. Primed fields denote symmetry eigenstates. The left-handed and righthanded fields are not equivalent since in each triplet the charged degrees of freedom are complete. Only neutrino has one component in each sector. At the energy scale at which the symmetry is valid all fields are uncharged and massless and this does not matter.
In the scalar sector we introduce the following multiplets:
, which couple to quarks, T also couples with leptons but the sextets,
, couple only with leptons. The electric charge assignment of the bitriplets T , P and the sextets S L,R are as follows:
Notice that P involves a scalar Higgs with triple charge. We define
Because of the bi-triplet P , the symmetry is breakdown to U (1) Q . Here we will assume, for the sake of simplicity, that all VEVs are real. The Yukawa interactions in the quark sector are:
a, b = 1, 2 and 3 are generation indices, and we have omitted SU (3) indices and summation over flavors. Notice that with only the bi-triplet T only the first two families mix, G ab is a 2 × 2 matrix, and G 33 is a constant. Besides, T = 0 leaves an extra U (1) unbroken symmetry. All of these is corrected by adding a second bi-triplet P carrying U (1) X -charge. The Yukawa interactions in the lepton sector are:
where summation over flavours i, j = 1, 2, 3 has been omitted and G S is a symmetric matrix. We add a parity P as follows:
Since the mass matrices are symmetric (M u,d = (M u,d ) † ) they are diagonalized by one unitary matrix and not by two unitary matrices. The exotic quarks have their masses given by M j = Gv j and M J = G 33 v j , where G is a 2 × 2 matrix and G 33 is a constant.
In the lepton sector we have that leptons with the same electric are separated in two 6 × 6 matrices. In the lepton sector, in the basis ℓ
and in the neutrinos sector we have
where the mass term for the neutrinos is written in the form −L
T , and where G S,l are arbitrary 3 × 3 hermitian matrices. If v R2 ≫ v L2 , v u , v j and v R1 ≫ v L1 , v d , the exotic leptons are heavier than the known leptons, and the right-handed neutrinos are heavier than the lefthanded (active) ones. In fact, in this model there are both, type-I and type-II, seesaw mechanisms and the neutrino mass matrix in Eq. (11) is 6 × 6.
Notice that if the sextet are not added or if S L,R = 0, the known charged leptons gain mass only through their mixing with the exotic ones E. Moreover in this case the charged leptons and the neutrino matrices are diagonalized by the same transformation, thus the PMNS matrix must be trivial. Hence, the sextets are necessary to obtain the correct lepton masses and the PMNS mixing matrix.
In the present case neutrinos are Majorana particles but if, instead of the sextets S L and S R we introduces triplets, we would have Dirac neutrinos. For instance A different model (model Ib), with the same quark content as in model Ia and also with β = − √ 3, can be obtained if l c is substituted by a new charged lepton E + that may be considered as a particle instead of an antiparticle. See Ref. [13] . In this case
, and all the lepton masses are generated by the Yukawa interactions like Eq. (6). This model was also discussed in Sec. II of Ref. [14] .
The charged lepton mass matrix is now given by
also in the basis ℓ
T L,R . The neutrino and quark sectors are the same as in the previous model. Yet, if the sextets are not introduced the exotic charged leptons decouple from the light ones. However, as in the previous model, if the sextets are not introduced the mass matrices of charged leptons and neutrinos are proportional, thus inducing a trivial PMNS.
The scalar potential in models I is given by
III. MODELS II
In model IIa we have the following representation content: left-handed quarks
In the lepton sector we have left-handed leptons: c as in the models of Refs. [17, 18] . In models II, the scalar multiplets are:
defined as follows
We define the VEVs in the following form:
The Yukawa interactions are given by
in the quark sector and
in the lepton sector. The parity P in this case is
and again, all the G matrices are hermitian. The mass matrix in the quark sector are:
for the u-type in the basis (−u
, and 
where
in the basis n
T . In this model the neutrinos become Dirac particles. It is clear to see from Eqs. (22) and (23) that the light neutrinos (ν) decouple from the heavy states (N ) in the mass matrix only if v L = v R = 0, but this case is not realistic since the PMNS matrix is also the identity matrix.
In model IIb we have the same quark representations as in model IIa but in the lepton sector we have the following representation content:
. The neutrino mass matrix, M ν , have the same structure as given by Eqs. (22) and (23), but in the basis n
T . This shows that in the model IIb all the mass terms mixes the light neutrinos with heavy states, thus there is no decoupling.
The scalar potential in these case is given by
IV. DISCUSSION All 3-3-1 models have interesting new processes that deserve to be searched in accelerators. In particular the minimal model (β = − √ 3), predicts new resonances formed by exotic quarks in processes like
which are interesting because the resonances involving the exotic quarks are long-lived, since they are protected by a Z 2 symmetry which is broken by scalar interactions.
In the left-right symmetric extensions this model has interactions with like those in Eq. (5) with the bi-triplet P and quarks:
, this is an example of interactions in which we can recognize that the exotic particles J, j, ρ +++,++,+ are produced by pairs since they are odd under Z 2 but u, d-type quarks are even. In this case the exotic particles will be stable. Fortunately, we have verified that all singly charged scalars mix in the mass matrices and that in the scalar potential there are interactions of exotic scalars and those coupled with known quarks and leptons as for instance that in the λ 13 in Eq. . Hence, in particular in models I, there is a resonance with triple electric charge ∆ +++ (jJ) which can decay into the scalar ρ +++ and, since there are interactions like those in the λ 13 term discussed above, the decay ρ +++ → s 
L is allowed. Hence, the decay ∆ +++ → 3l + + 3ν may happen. All these models have 17 vector bosons, in particular the β = − √ 3 have doubly charge vector bileptons U ++ L,R which could have interesting phenomenological consequences at colliders [19] .
It is well known that chiral 3-3-1 models have a Landau-like pole at a particular value of s 2 W . In the chiral models with β = − √ 3, the pole occurs when s 2 W = 0.25, at an energy scale of a few TeVs [20, 21] , while in models with β = −1/ √ 3, the pole occurs when s 2 W = 0.75, and the energy scale may be larger than the grand unification scale. In the respective left-right symmetric extensions, the pole occurs when s W decreases from low to high energies, essentially due to the scalar and fermion triplets [22] , which also are present in the type I models. This can be seen as a prediction of the these models: if in the future at high energies s 2 W only increases with the energy, this will certainly rule out these sort of models. The energy scale of the Landau pole has not been calculated yet in both I and II models. We note however, that because of the scalar bi-triplets, needed to generate all fermions masses with only renormalizable interactions, there is a mixing among all vector (W L , W R and Z L , Z R ) and scalar bosons of the same charge or CP properties. Then, the energy scale of the poles may change. This important issue will be considered elsewhere.
Moreover, it is worthy to note the following. As a consequence of the quark representation content, the chiral models with β = − √ 3 are not embedded straightforward in a grand unified theory (GUT). Due to the existence in those models of extra quarks with large U (1) X hypercharge, more quarks with appropriate value of X have to be added in order to satisfy TrX = 0 in GUT multiplets. This is not necessarily a fault of the models, it may be a virtue. For instance, since the Landau pole occurs at relatively low energies (about 4 TeV), the electroweak scale can be stabilized, i.e, there is no hierarchy problem [23] and also the model allows a dynamically symmetry breaking to the SM also at the scale of a few TeVs with all the extra gauge bosons and the exotic quarks acquiring masses much larger than the scale of electroweak symmetry breaking [24] . And after all, who said that grand unification of three of the fundamental interactions should be straightforward? However, for a possible unification for models with β = −1/ √ 3 see [25] and references therein.
V. CONCLUSIONS
Here we have considered four left-right symmetric extensions of chiral 3-3-1 models with only renormalizable interactions. The models I introduces exotic quarks and the models II only extends the quarks sector for four (type-u quarks) or five (type-d quarks) generations with heavy neutrinos.
For each model we have considered all possible breaking of symmetry allowing all VEV to be nonvanishing. In this vein, we have shown that the models of type I leads to a seesaw mechanism in the lepton sector, essentially driven by the introduction of left-right sextets. while the models of type II induces a mixing in the quark matrices and the sextets are not needed anymore. The mixing of all scalar sector allows a decay signature of the ρ +++ into light fermions, thus the consistence of the models can be tested at colliders. On the other hand, to be consistent the models I should allow the decreasing s 2 W with increasing of energy. This will be addressed elsewhere.
After we have finished this work we saw that in Refs. [26, 27] similar left-right symmetric extensions of 3-3-1 models were considered. Those authors consider a general analysis of the models in term of the β parameter in the definition of the electric charge operator. In our case we have considered β = − √ 3, −1/ √ 3 each one with two different representation content. It is worthing to note that some characteristics do not depend on the value of β. For instance, in the model with β = − √ 3 we have two possibilities in the lepton
This difference is not trivial: in the first case the flavor lepton numbers is violated because the charged lepton and their charge conjugate are in the same triplet while in the second case we can assign to E + the same flavor lepton number of the known charged leptons. Moreover the neutral current couplings are different in both models with the same β. Furthermore, another difference is evident comparing the matrix in Eq. (11) (model Ia) with those in Eqs. (22) and (23) (model IIa), in particular neutrinos are Majorana in the former case, and Dirac in the second one. Moreover in the case of Eqs. (22) and (23) a type-I Dirac seesaw mechanism is implemented. Models with SU (3) C ⊗ SU (M ) L ⊗ SU (N ) R ⊗ U (1) X has been considered recently in Ref. [27] . We would like to stress that phenomenology independently of the value of β can be made only in some simple situation as, for instance, considering only the Z ′ of the models [28] .
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